Introduction {#s1}
============

The first report of acute respiratory distress syndrome (ARDS) in 1967 by Ashbaugh *et al* [@R1] described a clinical syndrome of severe dyspnea, tachypnea, cyanosis refractory to oxygen therapy, loss of lung compliance, and diffuse alveolar infiltrates on chest radiograph. Once the pathophysiology was elucidated, it became clear that this syndrome was characterized by an increased permeability of the alveolar--capillary barrier, resulting in lung edema with protein-rich fluid causing an impairment in arterial oxygenation. Lung edema and endothelial and epithelial injuries are accompanied by an influx of neutrophils into the interstitium and bronchoalveolar space. Activation and recruitment of neutrophils play an important role in the progression of ARDS. Neutrophils are the first cells to be recruited to the site of inflammation and have a potent antimicrobial defense that includes oxidants, proteinases, and cationic peptides. Under pathologic circumstances, however, unregulated release of these microbicidal compounds into the extracellular space paradoxically can cause damage to the host tissues. Clinical data and animal models have proved the importance of neutrophils in ARDS.[@R2]

Historically, ARDS has been a significant cause of trauma-related morbidity and mortality, with reported mortality rates up to 40%.[@R3] Many treatment strategies have been created; however, most of them had limited success.[@R5] Nowadays, treatment is still limited and mainly consists of supportive mechanical ventilation with low tidal volume and inspiratory pressure ventilation. Therefore, prevention of ARDS is important and identification of risk factors has been subject to many research studies.[@R6] To early identify patients at risk for ARDS development, several prediction models have been created. Age, Injury Severity Score (ISS), severity of chest injury, crystalloids transfusion, and blood product transfusion have been identified as predictors of ARDS in trauma.[@R7]

With improvement of trauma and critical care, mortality caused by ARDS has decreased in the last years.[@R6] However, it still uses significant intensive care unit (ICU) resources and remains an important cause of trauma-related deaths.

In contrast to several studies[@R6] reporting up to 20% ARDS-related deaths, we did not observe high ARDS incidence and related death rates anymore in our polytrauma population in the last few years. Therefore, we conducted a prospective population-based cohort study in polytrauma patients to investigate the current incidence of ARDS and its contribution to mortality. We hypothesized that both the incidence of ARDS and mortality caused by ARDS were decreased compared with internationally reported data.

Methods {#s2}
=======

Study setting {#s2-1}
-------------

The study was conducted at an urban major (level 1) trauma center. From November 2013, a 4.5-year prospective population-based cohort study was undertaken including all consecutive trauma patients who were admitted to the ICU of the University Medical Center Utrecht. This major trauma center is the only level 1 trauma center in the province of Utrecht and covers the central region of the Netherlands with a relatively small, but densely populated service area of 1500 km^2^ and approximately 1.3 million residents. The service area for neurosurgery facilitates 2.1 million residents. Around 1300 trauma patients with full activation of a trauma team are annually admitted. Approximately 375 of them have multiple injuries (ISS \>15).[@R13] Patients included in the study were all admitted to the ICU either directly from the emergency department (ED) or postoperatively after an urgent surgery was performed. Patients \<15 years of age, injury caused by asphyxiation, drowning, burns, or isolated traumatic brain injury (TBI) were excluded. Patients who died within 48 hours were excluded as well.

Data collection {#s2-2}
---------------

All data were prospectively collected and included patient demographics, ISS, shock, and resuscitation parameters. Admission arterial blood gas analysis, coagulation status, and temperature measurements were performed during resuscitation in the ED as part of standard procedures. Arterial blood gas analysis and temperature measurement were repeated on arrival in the ICU. Urinary output was measured the first hour after arrival in the ICU. Blood product (packed red blood cells, fresh frozen plasma \[FFP\], and platelets \[PLT\]) use was recorded in the first 24 hours following admission. The Denver Multiple Organ Failure (MOF) scores and the ARDS Berlin criteria were registered daily up until 28 days or discharge from the ICU. The primary outcome was ARDS development. The secondary outcomes were mortality, ventilator days, ICU length of stay, in-hospital length of stay, and multiple organ dysfunction syndrome (MODS).

Definitions {#s2-3}
-----------

ARDS was defined by the Berlin criteria; there are three categories of ARDS based on the degree of hypoxemia and ratio of arterial oxygen partial pressure to fractional inspired oxygen (PaO2/FiO2) : grade 1 mild (200 \< PaO~2~:FiO~2~ ratio ≤300), grade 2 moderate (100 \< PaO~2~:FiO~2~ ratio ≤200), and grade 3 severe (PaO~2~:FiO~2~ ratio ≤100). Further, bilateral diffuse pulmonary infiltrates (without evidence of heart failure) need to be present on chest X-ray or CT scan.[@R14]

MODS was defined by the Denver MOF scores of greater than 3, occurring more than 48 hours after injury.[@R9] The Denver MOF score was chosen over Sequential Organ Failure Assessment to avoid difficulties by including the Glasgow Coma Scale (GCS) in the organ failure score. GCS score can be challenging to obtain in the trauma patient in the ICU because patients are often sedated and intubated for extended periods. This could negatively influence the central nervous system (CNS) organ failure score.[@R15]

Urgent laparotomy was defined as a laparotomy that was performed in patients who were transported from the ED directly (or via CT scan) to the operating room (OR).

Statistical analysis {#s2-4}
--------------------

Data were analyzed using IBM SPSS Statistics V.25.0. Graphs were prepared with GraphPad Prism V.7.02 (San Diego, CA, USA). Results are presented as median and IQR. Comparison of variables was done using Kruskal-Wallis test or Pearson's χ^2^ test in dichotomous data. Variables with univariate statistical significance of less than 0.05 were included in a multivariate logistic regression analysis. These variables were analyzed with backward stepwise selection to identify independent risk factors for ARDS and presented as ORs and 95% CIs. Statistical significance was defined as p\<0.05.

Results {#s3}
=======

During the 4.5-year study period, 241 trauma patients who were admitted to the ICU and survived 48 hours were included. A hundred and eighteen patients (49%) were intubated prehospitally, 65 in the ED (27%), 50 in the OR (21%), 2 in the ICU (1%), and 6 were not intubated at all (2%). A hundred and twenty (50%) of them were directly admitted to the ICU and 121 patients (50%) were transported to the OR for surgery straight from the ED and were admitted to the ICU postoperatively. Seventy-four percent of the population were male with a median age of 45 (27--59) years. They sustained predominantly blunt injuries (96%) and had a median ISS of 29 (22--36). Even though patients with isolated TBI were excluded, the median Abbreviated Injury Scale (AIS) score of the head was 3.[@R1] Twenty-five percent of patients underwent an urgent laparotomy and 75 (31%) had a pelvic fracture ([table 1](#T1){ref-type="table"}).

###### 

Patient demographics, resuscitation, and outcome parameters

  ------------------------------------------------------------------------------------------
  Total cohort\             No ARDS\          ARDS\            P value           
  (n=241)                   (n=66)            (n=15)                             
  ------------------------- ----------------- ---------------- ----------------- -----------
  Demographics                                                                   

   Age (years)              45 (27--59)       37 (23--56)      38 (25--58)       0.67

   Gender (% male)          178 (74)          40 (61)          15 (100)          0.003\*

   MOI (% blunt)            232 (96)          62 (94)          15 (100)          0.33

   ISS                      29 (22--36)       25 (19--29)      30 (26--41)       0.01\*

   AIS head                 3 (1--4)          3 (0--4)         2 (0--4)          0.13

   AIS face                 0 (0--2)          0 (0--1)         0 (0--2)          0.70

   AIS chest                3 (2--4)          3 (1--3)         4 (3--4)          0.04\*

   AIS abdomen              1 (0--3)          1 (0--2)         2 (0--3)          0.57

   AIS extremities/pelvis   2 (1--3)          2 (0--3)         3 (0--3)          0.20

   AIS external             0 (0--1)          0 (0--1)         1 (0--1)          0.62

   Pelvic fracture          75 (31)           21 (32)          4 (27)            0.70

   Urgent laparotomy        61 (25)           16 (24)          6 (40)            0.22

  Resuscitation                                                                  

   Crystalloids (L)                                                              

    \<8 hours               4.7 (2.6--6.5)    4.5 (1.5--5.9)   4.9 (2.0--7.0)    0.33

    \<24 hours              7.6 (5.3--10.4)   6.8 (3.3--9.5)   8.7 (5.9--12.8)   0.03\*

   PRBC (U)                                                                      

    \<8 hours               1 (0--4)          0 (0--3)         3 (0--7)          0.18

    \<24 hours              1 (1--6)          1 (0--3)         3 (0--9)          0.24

   FFP (U)                                                                       

    \<8 hours               0 (0--4)          0 (0--2)         2 (0--4)          0.05

    \<24 hours              0 (0--5)          0 (0--2)         3 (0--4)          0.04\*

   PLT (U)†                                                                      

    \<8 hours               0 (0--0)          0 (0--0)         0 (0--1)          0.01\*

    \<24 hours              0 (0--1)          0 (0--0)         0 (0--2)          0.02\*

  Outcome                                                                        

   Ventilator days          7 (3--12)         2 (1--3)         11 (6--17)        \<0.001\*

   ICU-LOS (days)           8 (4--14)         3 (2--4)         12 (8--19)        \<0.001\*

   H-LOS (days)             23 (14--34)       15 (10--23)      33 (14--43)       0.004\*

   MODS                     76 (32)           2 (3)            6 (40)            \<0.001\*

   Mortality                31 (13)           2 (3)            3 (20)            0.01\*
  ------------------------------------------------------------------------------------------

Data are expressed as median (IQR) or absolute number (%).

\*Statistically significant.

†1 unit of platelets contains five donors.

AIS, Abbreviated Injury Scale; ARDS, Acute Respiratory Dysfunction Syndrome; FFP, fresh frozen plasma; H-LOS, hospital length of stay;ICU-LOS, intensive care unit length of stay; ISS, Injury Severity Score; MODS, Multiple Organ Dysfunction Syndrome; MOI, mechanism of injury; PLT, platelet; PRBC, packed red blood cells.

Patients stayed on the ventilator for 7 (3--12) days. They spend 8 (4--14) days in the ICU and 23 (14--34) days in the hospital. Fifteen patients (6%) developed ARDS, 76 developed MODS (32%), and 31 (13%) died ([table 1](#T1){ref-type="table"}). Death in 24 patients was caused by brain injury (77%), 3 patients with high cervical spine injury failed to wean from the ventilator (10%), 1 patient died of MODS (3%), 1 patient died of sepsis (3%), 1 patient due to cardiac arrest (3%), and 1 patient died of ARDS (3%) after freshwater submersion.

Fifteen patients (6%) developed ARDS and 66 (27%) did not develop ARDS nor signs of acute hypoxic respiratory failure (AHRF). The remaining 160 patients all developed some degree of AHRF, but without bilateral infiltrates on chest imaging. Since the presence of bilateral infiltrates is part of the definition of ARDS, these patients were excluded from further analysis.

Subanalysis of patients with ARDS {#s3-1}
---------------------------------

Patients who developed ARDS were more often male (100% vs. 61%, p=0.003). Patients with ARDS had higher ISS (30 \[26--41\] vs. 25 \[19--29\], p=0.01) and AIS score of the chest (4 \[3--4\] vs. 3 \[1--3\], p=0.04) than patients who did not develop ARDS ([table 1](#T1){ref-type="table"}). There was no difference in systolic blood pressure, diastolic blood pressure, temperature, hemoglobin, leukocyte count, and prothrombin time between patients who later developed ARDS and patients who did not ([table 2](#T2){ref-type="table"}). However, patients who later developed ARDS had lower oxygen levels both on arrival in the ED and ICU, lower pH, higher PaCo~2~, and lower saturation on arrival in the ICU ([table 2](#T2){ref-type="table"}). Interestingly, base deficit (BD) was similar between both groups, suggesting the acidosis had a respiratory origin.

###### 

ED and ICU parameters comparing patients who developed ARDS and patients who did not

  --------------------------------------------------------------------------
                           No ARDS\            ARDS\               P value
                           (n=66)              (n=15)              
  ------------------------ ------------------- ------------------- ---------
  ED parameters                                                    

   SBP (mm Hg)             125 (110--137)      114 (105--136)      0.58

   DBP (mm Hg)             78 (65--85)         70 (59--90)         0.47

   Hb (mmol/L)             8.2 (7.5--9.0)      8.0 (7.0--9.5)      0.68

   Leukocytes (x10^9^/L)   15.9 (11.2--19.8)   20.4 (11.4--22.4)   0.82

   Platelets (x10^9^/L)    249 (203--296)      227 (191--251)      0.19

   **﻿**PT                 15.1 (14.3--17.1)   17.6 (14.4--21.6)   0.06

   pH                      7.34 (7.29--7.39)   7.30 (7.24--7.37)   0.21

   PaCO~2~ (mm Hg)         44 (39--50)         48 (42--53)         0.10

   PaO~2~ (mm Hg)          259 (126--356)      186 (79--254)       0.03\*

   BD (mmol/L)             2.0 (0.5--6.0)      4.0 (0.0--6.0)      0.59

   Saturation (%)          100 (99--100)       100 (94--100)       0.12

  **﻿**ICU parameters                                              

   SBP (mm Hg)             123 (108--137)      134 (110--146)      0.24

   DBP (mm Hg)             68 (54--78)         62 (50--70)         0.11

   Temperature (°C)        35.2 (34.5--35.9)   35.9 (34.9--36.2)   0.96

   Hb (mmol/L)             7.7 (6.8--8.5)      7.3 (6.5--7.9)      0.47

   **﻿**pH                 7.34 (7.32--7.40)   7.30 (7.26--7.36)   0.04\*

   PaCO~2~ (mm Hg)         42 (37--46)         49 (44--56)         0.002\*

   PaO~2~ (mm Hg)          173 (127--196)      116 (94--160)       0.002\*

   BD (mmol/L)             2.5 (0.5--5.9)      2.8 (1.2--5.5)      0.78

   Sat (%)                 99 (98--99)         98 (95--99)         0.003\*

   UO (mL)                 125 (80--300)       78 (40--235)        0.11
  --------------------------------------------------------------------------

Data are expressed as median (IQR).

\*Statistically significant.

ARDS, acute respiratory distress syndrome; BD, Base Deficit; DBP, diastolic blood pressure; ED, emergency department; Hb, hemoglobin; ICU, intensive care unit; PT, prothrombin time; PaCO2, Partial Pressure of Carbon Dioxide in Arterial Blood; PaO2, Partial Pressure of Oxygen in Arterial Blood; SBP, systolic blood pressure; Sat, saturation; UO, urinary output first hour in ICU.

There was no difference in intubation location between both groups (p=0.48). Further, future patients with ARDS received more crystalloids \<24 hours (8.7 \[5.9--12.8\] vs. 6.8 \[3.3--9.5\] L, p=0.03), more units of FFP \<24 hours (3 \[0--4\] vs. 0 \[0--2\] U, p=0.04), and more PLT \<8 hours (0 \[0--1\] vs. 0 \[0--0\] U, p=0.01) and \<24 hours (0 \[0--2\] vs. 0 \[0--0\] U, p=0.02; [table 1](#T1){ref-type="table"}). Patients with ARDS developed MODS more often than patients without ARDS (40% vs. 2%, p\<0.001; [table 1](#T1){ref-type="table"}). They stayed longer on the ventilator (11 \[6--17\] vs. 2 \[1--3\] days, p\<0.001), in the ICU (12 \[8--19\] vs. 3 \[2--4\] days, p\<0.001), and in the hospital (33 \[14--43\] vs. 15 \[10--23\] days, p\<0.001). Patients who developed ARDS died more often (20% vs. 3%, p=0.01; [table 1](#T1){ref-type="table"}). Eight of 15 patients with ARDS developed grade 3 severe ARDS and 7 developed grade 2 moderate ARDS.

In multivariate analysis only MODS, PaO~2~ in the ICU, and crystalloids \<24 hours were independent predictors of ARDS ([table 3](#T3){ref-type="table"}). Additionally, a stepwise logistic regression with backward selection (parameters out if p\<0.05) was performed. The backward stepwise logistic regression showed the highest Nagelkerke R square (0.61) if all parameters were included.

###### 

Multivariate analysis: ARDS

  Variable                  β coefficient   P value   OR       95% CI
  ------------------------- --------------- --------- -------- ------------------
  ISS                       0.055           0.210     1.056    0.970 to 1.151
  MODS                      2.676           0.023\*   14.531   1.436 to 146.986
  AIS_Chest                 0.299           0.496     1.257    0.651 to 2.428
  PaO~2~\_ED                0.001           0.847     1.001    0.993 to 1.009
  PaCO~2~\_ICU              −0.022          0.235     0.978    0.944 to 1.014
  PaO~2~\_ICU               −0.038          0.021\*   0.963    0.933 to 0.994
  FFP \<24 hours            −0.107          0.328     0.898    0.725 to 1.113
  Crystalloids \<24 hours   0.000           0.026\*   1.000    1.000 to 1.001
  Constant                  −0.391          0.861     0.676    

\*Statistically significant.

AIS, Abbreviated Injury Score; ARDS, acute respiratory distress syndrome; ED, emergency department; FFP, fresh frozen plasma; ICU, intensive care unit; ISS, Injury Severity Scale; MODS, multiple organ dysfunction syndrome.

Time to ARDS onset was early after trauma; ARDS developed 3 (2--5) days from injury with a length of 2.5 (1--3.5) days ([figure 1](#F1){ref-type="fig"}). Six patients had ARDS for more than 3 days and five patients had ARDS for more than 3 consecutive days ([figure 2](#F2){ref-type="fig"}).

![Day of acute respiratory distress syndrome onset.](tsaco-2018-000232f01){#F1}

![Duration of acute respiratory distress syndrome (ARDS) measured in total days during admission and in consecutive days.](tsaco-2018-000232f02){#F2}

The incidence of ARDS decreased over time even though ISS did not change in this period. In the first year of the studied period, 43 polytrauma patients were included, of whom 7 (16%) developed ARDS, whereas in the following years the incidence of ARDS decreased to approximately 5% in 2015 and 2016, and even further to 3.7% and 3.0%, respectively, in 2017 and in the first 6 months in 2018 ([figure 3](#F3){ref-type="fig"}).

![Incidence of acute respiratory distress syndrome (ARDS) in time related to Injury Severity Score (ISS).](tsaco-2018-000232f03){#F3}

Only 1 of 15 patients with ARDS (7%) died of ARDS. He developed severe ARDS (lowest PaO~2~:FiO~2~ ratio was 40) 3 days after massive aspiration after freshwater submersion after a motor vehicle crash with brain injury and several cervical spine fractures. He had ARDS for 4 days with the lowest PaO~2~:FiO~2~ ratio of 40, and despite venovenous extracorporeal life support he died 7 days after admission. Further, two other patients died while having ARDS; one patient suffered from multiple injuries including severe brain injury and treatment was withdrawn as it was considered medically futile. The other patient failed to wean from the ventilator after C2 cervical spine injury with myelum contusion resulting in tetraplegia.

Discussion {#s4}
==========

In this population of severely injured patients, the incidence of ARDS was 6%. Only one patient with ARDS died of ARDS (7%). Patients with ARDS still used significantly more resources than non-ARDS patients, with longer ventilator days and more days in the ICU and in the hospital. In this cohort of severely injured polytrauma patients, the incidence of ARDS was low and the length of ARDS was decreased with low ARDS-related mortality.

The overall in-hospital mortality was 17% and predominantly caused by brain injury and/or spinal cord injury. This mortality rate is comparable with reports in the literature; however, the percentage of brain/spinal cord injury-related deaths was higher than most reports about cause of death in polytrauma.[@R16] This could be partly explained by the fact that our level 1 trauma center is the only referral center for brain and spinal cord injury in the state.[@R13]

To clarify low ARDS mortality rates, one could debate that patients did not die of ARDS because they already died due to brain injury. However, time to death was 9 (7--16) days and time to ARDS onset was 3 days with a length of 2.5 days. Further, besides one patient who died of ARDS, only two other deceased died while having ARDS. Generally, ARDS was treated before the patients died, so this does not explain the low ARDS mortality rates in our cohort.

Both the incidence of ARDS and ARDS-related mortality in our cohort were lower than other reported studies.[@R10] Further, the duration of ARDS was short (median 2.5 days), with 7 days on the ventilator and 8 days in ICU. This is also lower compared with other studies.[@R10]

This studied population was different compared with most North American studies; our cohort almost exclusively consisted of blunt injuries caused by motor vehicle crash and falls from height in a relatively small service area with short transport times. In this polytrauma population parameters such as blood pressure and hemoglobin were within normal ranges on arrival in the ED. One could argue that these patients were not severely injured at all. This is contradicted by the fact that patients were mildly acidotic and coagulopathic on arrival. Further, they had an ISS of 29, 31% had a pelvic fracture, 25% needed an urgent laparotomy, 11% received massive transfusion, and they were all admitted to the ICU since that was one of the inclusion criteria. The studied cohort included the sickest trauma patients admitted to our major trauma center. This phenomenon in which severely injured patients in smaller service areas with short transport times do not have deranged physiologic parameters on arrival in the ED has been described earlier.[@R19] These patients do not have the time to deteriorate, because they are in the hospital before blood pressure, BD, and hemoglobin will change distinctly. This early reversal of shock however does not prevent the development of ARDS. Possibly, it does explain the attenuation of the syndrome. It is likely that this attenuation of ARDS could also be attributed by a combination of several improvements in trauma and critical care in the last decades, such as improved prehospital care, hemostatic resuscitation, damage control surgery, and lung protective ventilation.

Many research groups have identified predictors for ARDS such as age, ISS, and resuscitation parameters.[@R10] Predictors for ARDS in this study were PaO~2~ in the ICU, administration of crystalloids \<24 hours, and MODS. Patients who developed ARDS received more crystalloids and blood products. This is consistent with previously published studies demonstrating increased risk of ARDS with increasing blood product transfusions.[@R10] Moreover, this study identifies FFP administration as an independent risk factor for ARDS development. Since FFP and more aggressive blood product utilization may be among the reasons why there are more survivors, there may be a survival bias. Predictors are tools to identify patients at risk for ARDS, but do not explain causal mechanisms, so association does not necessarily mean causation.

One of the limitations of this study is that it was conducted at a single institution in which the clinical treatment and research were conducted by the same clinicians. Another limitation is that patients with isolated head injuries were excluded because of possible different physiologic response to trauma, although we did include polytrauma patients who had associated head injuries. We chose to include these patients since many of our severely injured patients have associated brain injury and they are also prone to ARDS.

In conclusion, in this cohort of severely injured patients, the incidence of ARDS was low, and its characteristics have fundamentally changed to an entity that only has an early onset, shorter time period, and less severe expression with lower mortality than previously reported. This attenuation of the deadly ARDS to a less deleterious disposition could be considered a success of the improvements in trauma and critical care in the last decade.
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